Multiple interdependent post-translational modifications of cellular proteins allow for combinatorial repertoires of interactions. Some of these modifications, including acetylation, phosphorylation, methylation and sumoylation, might participate in cross-talk for dynamic control of cellular signaling under various physiological conditions 1 . Protein phosphorylation is involved in various cellular processes, including cell growth, development and apoptosis, and regulates essential physiological systems, such as the period of the circadian rhythm within mammalian cells, via cellular signaling pathways 2 . Protein methylation, especially on lysines, is another important reversible post-translational modification of cellular proteins; for example, histone methylation is involved in the regulation of transcription [3] [4] [5] . Combinations of these modifications on histones (such as histone H3 Lys9 methylation and H3 Ser10 phosphorylation 6-8 ) cooperate to regulate chromatin structure and transcription by allowing or inhibiting binding of specific regulatory proteins 9 . Similarly, non-histone proteins such as p53 (refs. 10-12) and estrogen receptor 13, 14 are also regulated by post-translational modifications.
a r t i c l e s
Multiple interdependent post-translational modifications of cellular proteins allow for combinatorial repertoires of interactions. Some of these modifications, including acetylation, phosphorylation, methylation and sumoylation, might participate in cross-talk for dynamic control of cellular signaling under various physiological conditions 1 . Protein phosphorylation is involved in various cellular processes, including cell growth, development and apoptosis, and regulates essential physiological systems, such as the period of the circadian rhythm within mammalian cells, via cellular signaling pathways 2 . Protein methylation, especially on lysines, is another important reversible post-translational modification of cellular proteins; for example, histone methylation is involved in the regulation of transcription [3] [4] [5] . Combinations of these modifications on histones (such as histone H3 Lys9 methylation and H3 Ser10 phosphorylation [6] [7] [8] ) cooperate to regulate chromatin structure and transcription by allowing or inhibiting binding of specific regulatory proteins 9 . Similarly, non-histone proteins such as p53 (refs. 10-12) and estrogen receptor 13, 14 are also regulated by post-translational modifications.
Previously, we have demonstrated that methylation of Lys142 on DNMT1 leads to DNMT1 degradation 15 . Adjacent to Lys142 is Ser143, a known phosphorylation site 16 . Therefore, we set out to investigate the interplay between Lys142 monomethylation (Lys142me1) and Ser143 phosphorylation (pSer143), and how this interplay affects DNMT1 stability.
RESULTS

SET7 methylation of DNMT1 blocked by phosphorylation
We have previously reported that SET7-mediated methylation of mammalian DNMT1 at Lys142 stimulates its proteasomal degradation 15 . Conversely, in another study, the absence of lysinespecific demethylase-1 (LSD1) has been found to reduce DNMT1 stability in cells, leading to progressive loss of DNA methylation 17 . We noticed that the serine residue, Ser143, immediately after DNMT1's methylation-target lysine, Lys142, is unique among known SET7 substrates (the target-site sequence is RSKS as opposed to the (R/K)(S/T)K(K/Q/D) consensus; Fig. 1a) . We speculated that this serine could be subject to phosphorylation, analogous to some histone modification patterns-for example, the 'methyl-phospho' cassette of histone H3 Lys9 and Ser10 (ref. 18) .
To examine the possibility of a methyl-phospho dynamic switch on DNMT1, we used a synthetic peptide substrate representing amino acid residues 137-146 of human DNMT1 with either an unmodified Ser143 (DNMT1K142) or phosphorylated Ser143 (DNMT1pS143). We incubated these constructs with recombinant purified SET7 enzyme. SET7 methylated the unmodified substrate but not the phosphorylated peptide (Fig. 1b,c) . The SET7-mediated methylation resulted in a mass addition of 14 Da, corresponding to a monomethylation (Fig. 1c) .
As the consensus sequence of the AKT1 kinase target site matches the sequence surrounding Ser143 of DNMT1 (Fig. 1a) , we tested whether AKT1 is the kinase responsible for DNMT1 Ser143 phosphorylation. In an in vitro kinase assay using recombinant AKT1, the unmodified peptide DNMT1K142 was phosphorylated strongly over time, whereas an otherwise identical peptide substrate with an S143A mutation (DNMT1K142(S143A)) was not, suggesting that Ser143 in this peptide is the target of the AKT1 kinase (Fig. 1d) .
To determine whether Ser143 phosphorylation occurs on the full-length human DNMT1 in cells, we raised a specific rabbit a r t i c l e s polyclonal antibody against DNMT1 with Ser143 phosphorylated (anti-DNMT1-pSer143). We validated this antibody using a panel of peptides representing residues 137-146 in the full-length DNMT1 protein sequence. Various amounts of peptide containing pSer143, Lys142me1, both modifications or no modification were dot-blotted and probed with anti-DNMT1-pSer143. The antibody cross-reacted only with pSer143-modified peptide (Supplementary Fig. 1a) .
We also stringently validated the antibody using HeLa cell extract and purified human DNMT1 expressed from baculovirus. The antibody readily detected phosphorylated DNMT1 in the presence of excess unmodified competitor peptide representing the same epitope ( Supplementary Fig. 1b,c) . By comparison, a catalytically active DNMT1 lacking the N-terminal 580 residues (DNMT1∆580) 19 did not react with anti-phospho AKT1 substrate, suggesting that AKT1-mediated phosphorylation occurs in the N-terminal region of DNMT1 (Supplementary Fig. 1d ). Finally, anti-DNMT1-pSer143 did not detect recombinant DNMT1 treated with phosphatase in vitro (Fig. 1e, lanes 1 and 2) , but it did cross-react with phosphatase-treated DNMT1 that had been incubated with AKT1 and ATP cofactor (Fig.1e, lanes 3 and 4) .
To determine whether AKT1 is the main kinase for DNMT1 Ser143 phosphorylation in mammalian cells, we expressed a constitutively active AKT1 (the double mutant T308D S473D) 20 in COS-7 cells along with a construct of DNMT1 fused to the red fluorescent protein DsRed (DsRed-DNMT1), and we monitored Ser143 phosphorylation in the fusion DNMT1. As the endogenous DNMT1 is already phosphorylated, the use of DsRed-DNMT1 allowed us to determine whether AKT1 can phosphorylate newly synthesized DNMT1 fusions. Indeed, a greater amount of phosphorylated DsRed-DNMT1 was observed in the extracts when active AKT1 was overexpressed, as shown by anti-DNMT1-pSer143 (Fig. 1f) . In another similar experiment, overexpression of constitutively active AKT1 in HeLa cells resulted in hyperphosphorylated DNMT1. In the presence of hemagglutinin (HA)-tagged AKT1 T308D S473D, endogenous DNMT1 phosphorylation at Ser143 increased ~35% 24 h post-transfection (Supplementary Fig. 1e ). Additionally, we stimulated the AKT1 pathway by adding insulin to the cells and observed gradual accumulation of DNMT1-pSer143 (Supplementary Fig. 1f ). The DNMT1-pSer143 profile over 24 h looked very similar to ordinary, cell cycle-mediated phosphorylation of Ser143 (see below). Therefore, AKT1-mediated DNMT1 phosphorylation may be dependent on the cell cycle.
To elucidate the functional role of pSer143, we mutated a DsRed-DNMT1 fusion construct (S143A) and compared it side by side with the wild-type DsRed-DNMT1 fusion in the presence or absence of SET7. When the wild-type fusion protein was expressed without SET7, there was two-fold more DNMT1-pSer143 than in cells where SET7 was coexpressed (Fig. 1g, second row, lanes 1 and 3) . However, in the mutant DNMT1 fusion (S143A), we detected more Lys142me1 than in the wild-type fusion construct (Fig. 1g, third row, lanes 3 and 4) , using a highly specific antibody for DNMT1-Lys142me1 ( Supplementary  Fig. 1g ). These results show that there is a balance between methylated and phosphorylated DNMT1 in cells.
Structure of the SET7-DNMT1 peptide complex
To analyze the molecular mechanism of DNMT1 recognition and methylation by SET7, we solved the structure of a ternary complex of SET7, S-adenosyl-l-methionine (AdoMet) and DNMT1 peptide, to a resolution of 1.69 Å ( Table 1) . The DNMT1 peptide encompassed residues 137-146 and was cocrystallized in the presence of the methyl donor AdoMet (Fig. 2a) . The reaction occurred during the crystal formation of the complex, with the methyl group transferred to the ε-amino of Lys142 and AdoMet converted to AdoHcy and retained in the complex. A single methyl group was transferred, as seen in the methylation reaction in solution with either a 142 DNMT1
RRSKSD
H3K4
ARTKQ
P53
LKSKK
TAF10
SKSKD
ER
KRSKK
H3K9
TARKST
AKT1 seq
Anti-HA Anti-Actin
Anti-actin
DsRed-DNMT1 WT DsRed-DNMT1 (S143A) + -
Anti-DsRed a r t i c l e s peptide (Fig. 1c) or DNMT1 N-terminal fragment (residues 1-350; Supplementary Fig. 2a,b) . In addition, a point mutation of the target lysine to arginine, K142R, in DNMT1 abolished methylation at this site ( Supplementary Fig. 2a ) in solution.
Like all structurally characterized SET-domain proteins, SET7 binds its ligand, the DNMT1 peptide, in a surface groove (Fig. 2b) .
Specificity for the DNMT1 peptide is determined primarily through recognition of ordered side chains of DNMT1 (Arg139, Arg140, Ser141 and Ser143) before and after the target Lys142 (Fig. 2c) . The complex structure indicates that modification of the side chains of DNMT1 Arg139, Arg140, Ser141 or Ser143 should interfere with DNMT1 Lys142 methylation by SET7. Arg140 and Ser141 match the consensus recognition sequence for SET7-mediated lysine methylation, [R/K][S/T]K 21 , whereas Arg139 and Ser143 are unique to DNMT1. Ser143 of DNMT1 is involved in a polar interaction with Lys317 and a van der Waals contact with Leu267 of SET7. Adding a phospho-group to the side chain hydroxyl oxygen of Ser143 should result in repulsion from SET7 Leu267. As noted above, such phosphorylation of Ser143 caused complete loss of Lys142 methylation in the context of peptide substrate (Fig. 1b,c) .
DNMT1 colocalizes and associates with AKT1
If DNMT1 were an in vivo substrate of AKT1 (whose recognition sequence of RXRXX(S/T), where X is any residue, partially matches the sequence PRRSKS in DNMT1), these two proteins would be predicted to colocalize and physically interact in nuclei. For colocalization studies, COS-7 cells transfected with DsRed-DNMT1 were fixed and immunostained for endogenous AKT1. In a parallel set of experiments, the fixed cells were probed for proliferating cell nuclear antigen (PCNA), a cell cycle marker, and PCNA's nuclear distribution was used as an indicator for DNA synthesis and replication.
During early S phase, AKT1 appeared in the cytoplasm and nucleus. During mid-and late S phase (8-12 h or >15 h), both DNMT1 and AKT1 were substantially (>75%) colocalized, as shown by a punctate yellow merged pattern ( Fig. 3a and Supplementary  Fig. 3) , similar to what was observed for DNMT1 and SET7 (ref. 15) . To validate DNMT1 and AKT1 interactions in other cell systems, HeLa and NIH3T3 were also used for colocalization studies. All three cell lines showed strong DNMT1-AKT1 interaction ( Fig. 3a and Supplementary Figs. 3 and 4) .
To further investigate this physical interaction, we immunoprecipitated both endogenous DNMT1 and endogenous AKT1 from (Fig. 3b) . Similarly, using a series of glutathione S-transferase (GST) fusions of various fragments of DNMT1 and AKT1, we observed the kinase domain of AKT1 interacting with the N terminus (residues 1-446) of DNMT1 (Supplementary Fig. 5 ).
Together, these results indicate that DNMT1 and AKT1 proteins interact directly. As DNMT1 and AKT1 interaction is cell cycle dependent, we immunoprecipitated DNMT1 and measured the relative amount of AKT1 pulled down from cells 0, 6, 12 and 24 h after synchronization. As expected, at synchronization (0 h), when DNMT1 was predominately nuclear and AKT1 was cytoplasmic, the binding between them was poor. At 6 and 24 h after synchronization, more AKT1 precipitated than at 12 h after synchronization (Fig. 3c) . To determine whether the differential binding between DNMT1 and AKT1 is mediated by the cell cycle, we analyzed expression of endogenous DNMT1 and its phosphorylated and methylated forms as the cell cycle progressed (Fig. 3d) . Indeed, differential expression of each DNMT1 species was observed during the cell cycle.
To quantify the expression profile, we western blotted each sample with different DNMT1 modification-specific antibodies, or with actin-specific antibody as a loading control, using the ratio between DNMT1 and actin to measure relative expression of DNMT1 protein.
The quantitative expression profile of DNMT1, DNMT1-Lys142me1 and DNMT1-pSer143 is shown in Figure 3e . After release from G1 arrest, DNMT1-pSer143 levels increased as cells progressed from early S to G2 phase (typically between 5.0 and 12.5 h), mirroring the expression of the cell cycle-regulated marker cyclin A. In contrast, DNMT1-Lys142me1 levels peaked between 12.5 and 25.0 h. Notably, levels of AKT1 remained approximately constant throughout the cell cycle (Fig. 3d) , suggesting that the DNMT1 phosphorylation and methylation switch may be regulated by cell cycle-specific communication between AKT1, SET7 and DNMT1. Furthermore, upon release from cell cycle arrest (0-2.5 h), the amount of both the methylated and phosphorylated DNMT1 species dropped substantially (Fig. 3d,e) , implying that differential turnover of both species may be dependent on cell cycle progression.
AKT1 stabilizes DNMT1 and affects genome methylation
We next investigated the effects of DNMT1 Ser143 phosphorylation in cells by knocking down AKT1 in HeLa cells. Depletion of AKT1 resulted in reduction of total DNMT1 as well as DNMT1-pSer143 species (~70%), along with a moderate increase in endogenous DNMT1-Lys142me1 species (~25%). However, the expression level of DNMT1 mRNA remained the same between AKT1-knockdown cells and control cells, suggesting that AKT1 affects DNMT1 protein stability in cells (Fig. 4a) .
To further examine the role of AKT1 in DNMT1 stabilization, we used a dominant-negative AKT1 mutant (K179M) 22 . A plasmid expressing green fluorescent protein (GFP)-tagged dominant-negative AKT1 (GFP-AKT1 DN ) was transfected into COS-7 cells, and extracts were western blotted and probed for DNMT1, DNMT1-Lys142me1 and DNMT1-pSer143 species. Indeed, in the presence of GFP-AKT1 DN , both DNMT1-pSer143 and total DNMT1 were less abundant, and DNMT1-Lys142me1 levels increased (Fig. 4b) . This seems to be a result of direct regulation of DNMT1 protein stability, as AKT1 knockdown did not change protein synthesis: actin levels remained similar (Fig. 4a,b) , as did levels of protein in Ponceau-stained blots (data not shown).
To confirm that DNMT1 stability is AKT1 dependent, we treated cultured HeLa cells that lack a functional p53, and therefore are more amenable to drug treatment, with the AKT1 inhibitor LY294002 and measured DNMT1 protein levels. DNMT1-pSer143 levels decreased substantially within 6 h of the treatment (Fig. 4c, top  row) , and DNMT1-Lys142me1 increased proportionally (Fig. 4c,  second row) . Along with the gradual increase of DNMT1-Lys142me1 species, more degradation of the enzyme was observed, resulting (Fig. 4c, third row) , although the total level of AKT1 remained similar throughout the treatment (Fig. 4c, fourth row) .
As inhibiting AKT1 reduced overall DNMT1 levels, we expected that treating the cells with LY294002 would result in hypomethylation of the genome. To test this hypothesis, we used genomic DNA from LY294002-treated cells as a substrate for M.SssI methyltransferase, which methylates CG dinucleotides. Approximately 20% more radioactive AdoMet was incorporated in the presence of LY294002 than in its absence (Supplementary Fig. 6a) . The genomic DNA samples were then hydrolyzed to mononucleosides, and quantitative analysis of the base composition by HPLC indicated that there was about one-fifth less 5-methylcytosine (5mC) in LY294002-treated samples as there was in control samples without the drug (Supplementary Fig. 6b) .
We also examined the effect of calyculin A, a general serine/ threonine phosphatase inhibitor, on DNMT1 stability. In the presence of calyculin A, strong DNMT1 Ser143 phosphorylation was observed (Fig. 4d, top row, lanes 2 and 4) .
Finally, DNMT1 Ser143 phosphorylation decreased substantially (~70%) in the presence of SET7 overexpression (Fig. 4d, top row , compare lane 1 to lane 3 and lane 2 to lane 4), suggesting that methylation of Lys142 impairs phosphorylation of Ser143 in cells. To validate this observation, we also performed the AKT1 kinase assay with the peptide substrates DNMT1K142 (wild type, unmodified) and DNMT1K142me1 (methylated) and observed ~66% less kinase activity in the presence of lysine monomethylation (Supplementary Fig. 6c ).
Ser143 phosphorylation stabilizes DNMT1
As Lys142 methylation impairs Ser143 phosphorylation and DNMT1-Lys142me1 is prone to proteasome-mediated protein degradation 15 , we next sought to determine the half-lives of DNMT1-Lys142me1, DNMT1-pSer143 and unmodified DNMT1. We treated Jurkat cells with the protein synthesis inhibitor cycloheximide so that we could follow DNMT1 degradation patterns by western blot analysis without the complication of additional DNMT1 protein synthesis. In cycloheximide-treated Jurkat cell extracts, total cellular DNMT1 had a half-life of >12 h (Fig. 4e, top row) , similar to that of the Ser143-phosphorylated form (Fig. 4e, middle row) . In contrast, DNMT1-Lys142me1 species had a half-life of approximately 3.5 h (Fig. 4e,  bottom row) . Therefore, the phosphorylated DNMT1 species is less likely to be degraded compared to the methylated protein.
To validate this observation, we created a DNMT1 peptide with an S143D substitution (DNMT1K142(S143D)) to mimic constitutive phosphorylation of this site, incubated the peptide with recombinant SET7 and tritiated AdoMet in vitro and compared its methylation with that of DNMT1K142 and DNMT1pS143 peptides. Although the wild-type DNMT1K142 peptide was methylated, neither DNMT1K142(S143D) nor DNMT1pS143 was methylated (Supplementary Fig. 7a) . Thus, mimicking constitutive phosphorylation inhibits SET7 activity.
Therefore, we hypothesized that recombinant S143D-mutated DNMT1 would be more stable than wild-type DNMT1. We transfected DsRed-DNMT1(S143A), DsRed-DNMT1(S143D) and wild-type DsRed-DNMT1 into COS-7 cells for robust expression, treated the cells with both cycloheximide and the AKT1 inhibitor LY294002, and monitored DNMT1 levels by western blotting. As expected, DNMT1(S143A) degraded 4 h after treatment, and little or no degradation of DNMT1(S143D) was observed, confirming that Ser143 phosphorylation contributes to DNMT1 stability (Supplementary Fig. 7b ). Anti-DNMT1 -pSer143
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As proteasome-mediated DNMT1 degradation relies on Lys142 methylation in DNMT1 (ref. 15) , and Lys142 methylation was impaired by Ser143 phosphorylation, we next examined whether the S143A mutation facilitated ubiquitin-mediated degradation of DNMT1. Methylated DNMT1 was immunoprecipitated using anti-DNMT1-Lys142me1 from COS-7 cells cotransfected with HA-tagged ubiquitin, GFP-SET7 and either DsRed-DNMT1 or DsRed-DNMT1(S143A). HA antibody was then used to detect ubiquitinylation of the immunoprecipitated proteins. For cells transfected in the presence of proteasome inhibitor MG132, transfection with GFP-SET7 and DsRed-DNMT1 resulted in less HA signal than transfection with GFP-SET7 and DsRed-DNMT1(S143A) (Fig. 4f) . This confirms that the S143A mutation facilitates DNMT1 methylation, which is a substrate for ubiquitinylation and protein degradation. A similar observation was made with samples immunoprecipitated with anti-DNMT1 (Fig. 4f) . Furthermore, the higher-molecular weight smear of signal indicates that polyubiquitin is more abundant in the presence of DNMT1(S143A).
DISCUSSION
Previous work has shown that covalent post-translational modifications are widely used for regulation of stability 15, 23, 24 . Apart from DNMT1, SET7 also mediates methylation of RelA protein, and methylated RelA negatively regulates the transcriptional activation of NF-κB 24 . Here we show that interplay of Ser143 phosphorylation and Lys142 methylation is a key signal regulating the stability or degradation of DNMT1. The DNMT1 species phosphorylated by AKT1 (DNMT1-pSer143) has a higher half-life than the DNMT1-Lys142me1 species. Therefore, the methyl-phospho switch between these adjacent residues, Lys142 and Ser143, determines the stability of DNMT1.
According to our results, this cross-talk could involve dynamic interaction between SET7, AKT1, a protein lysine demethylaseperhaps LSD1 (ref. 17)-and a yet-to-be-determined protein phosphatase to maintain DNMT1 stability in cells (Fig. 4g) . Another noteworthy observation is that endogenous AKT1 stimulation did not result in immediate phosphorylation of Ser143 of DNMT1 (Supplementary Fig. 1f ). Clear DNMT1 phosphorylation was visible only after 8 h, suggesting that this phosphorylation is mediated by the cell cycle (Fig. 3d,e ). An explanation for the delayed phosphorylation of DNMT1 may be that AKT1 has poor access to the DNMT1 N-terminal region. Indeed, the region surrounding Ser143 of DNMT1 binds to PCNA, Rb, HDACs, G9a and host of other proteins [25] [26] [27] [28] . Therefore, the phosphorylation event on DNMT1 could be regulated by additional, cell cycle-dependent events, as certain binding proteins need to be released before phosphorylation can proceed. Furthermore, misregulation of DNMT1 turnover during the cell cycle may also aid in epigenome stability.
A question emerges from our observations regarding the possible existence of dual modification of Lys142me1 and pSer143 on DNMT1. The results presented here indicate that DNMT1-pSer143 is the predominant stable form of the enzyme and is resistant to Lys142 methylation. However, in our kinase assay on DNMT1K142me1 peptide, a small amount of phosphorylation was observed. Although this result suggests that a small percentage of DNMT1 may have dual modifications, the majority of methylated DNMT1 will be degraded. From all the experiments we have performed, we have little evidence of dually (Lys142me1 and pSer143) modified DNMT1 in cells. However, we cannot rule out its presence absolutely during development or disease stages.
Our observations lead to the hypothesis that if the AKT1-phosphorylated DNMT1 species is more nuclear and is resistant to degradation by the proteasome pathway, then cells with upregulated AKT1 should show aberrant DNA methylation. AKT1 kinase activity has been implicated in the pathophysiology of many different tumors, including multiple myeloma, prostate, breast and liver 29, 30 . For example, promoter hypermethylation of the tumor-suppressor gene cystatin M (CST6) is associated with aberrant AKT1 activation in breast epithelial cells 31 . Data reported here suggest that the interplay between AKT1-mediated stabilization of DNMT1 and SET7-mediated degradation of DNMT1 creates a delicate balance resulting in epigenetic modulation of gene expression during the cell cycle and development (Fig. 4g) . Furthermore, the cell may use such switch mechanism(s) to regulate other key epigenetic modifiers in different cellular processes.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/nsmb/.
Accession codes. Protein Data Bank: The coordinates and structure factors of the SET7-DNMT1 peptide complex have been deposited with accession code 3OS5 .
